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Influence of the Polymerization Method on the Oxygen Reduction
Reaction Pathway on PEDOT
Robert Kerr,a,z Cristina Pozo-Gonzalo,b Maria Forsyth,b,∗ and Bjorn Winther-Jensena
aDepartment of Materials Engineering, Monash University, Clayton, VIC 3800 Australia
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The influence of the polymerization method of poly(3,4-ethylenedioxythiophene) (PEDOT), namely vapor-phase polymerization
(VPP-PEDOT) or electrodeposition (EP-PEDOT), on the electrocatalytic properties is herein reported. Rotating disk electrode and
rotating ring-disk electrode studies in alkaline conditions have shown that as the electrode potential is scanned in the negative
direction the oxygen reduction reaction (ORR) on VPP-PEDOT undergoes a transition from a 2-electron pathway to a 4-electron
pathway at −0.45 V (vs Ag/AgCl). In contrast, the ORR proceeds only by the 2-electron pathway on EP-PEDOT.
© 2013 The Electrochemical Society. [DOI: 10.1149/2.010303eel] All rights reserved.
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Poly(3,4-ethylenedioxythiopene) (PEDOT) has emerged as an al-
ternative cathode catalyst material to platinum since the discovery by
Winther-Jensen et al. of its ability to effectively catalyze the oxygen
reduction reaction (ORR).1 Here it was shown that PEDOT catalyzes
the ORR most effectively under alkaline conditions, making it particu-
larly attractive for alkaline fuel cells (AFCs) and metal-air batteries. It
was suggested that the ORR followed a 4-electron pathway, however,
a report was recently published in 2012 stating that the ORR proceeds
via the 2-electron process on electrodeposited PEDOT.2
The ORR is able to proceed via two overall pathways; the ‘direct’
and the ‘series’ pathways. The direct pathway sees the complete re-
duction of oxygen via a 4-electron step to form hydroxides in basic
media (Eq. 1)
O2 + 4e− + 2H2O → 4OH− [1]
The ‘series’ pathway in basic media involves two successive 2-
electron processes, which proceed via a hydrogen peroxide anion
intermediate to give hydroxides (Eqs. 2 and 3).
O2 + 2e− + H2O → O2H− + OH− [2]
O2H− + 2e− + H2O → 3OH− [3]
Both the choice of counter-ion present during electrodeposition3,4
and the electrodeposition potential5,6 have been shown to play an
important role in regards to the structure and properties of electrode-
posited films. However, there are no reported works to date that have
investigated the influence of the polymerization technique on the path-
way of electrocatalytic reactions on conducting polymer electrodes.
Experimental
All voltammetric experiments were performed using a Biologic
VMP3/Z multi-channel potentiostat and a RRDE-3A rotating ring-
disk electrode (RRDE) apparatus (ALS Co., Ltd, Japan). The RRDE
and RDE measurements were taken with an electrode composed of
a Pt ring (0.188 cm2 area) electrode and a glassy carbon (GC) disk
electrode (4 mm diameter, 0.126 cm2 area). A Pt wire counter electrode
and Ag/AgCl (NaCl(aq), 3 mol dm−3) (both from ALS Co., Ltd, Japan)
reference electrode were used throughout. All potentials are stated in
reference to Ag/AgCl. Deionized water (Millipore SuperQ system,
resistivity 18.2 M cm) was used to prepare all electrolyte solutions.
All voltammetric experiments were performed at 20 ± 1◦C.
The solution for PEDOT electrodeposition was prepared by dis-
solving 3,4-ethylenedioxythiophene (EDOT, Yacoo) to a concentra-
tion of 5 × 10−2 mol dm−3 in a water-ethanol (60:40) solution contain-
ing sodium para-toluenesulfonate (NaPTS, 0.1 mol dm−3, Aldrich) as
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the supporting electrolyte. NaPTS was chosen specifically to ensure
a common counter-ion in the PEDOT prepared by both methods. The
pH was then adjusted to 2 using para-toluenesulfonic acid (Sigma-
Aldrich) to assist with electropolymerization. Electrodeposition was
carried out using a conventional three-electrode cyclic voltammetry
technique (+1.15 V to −0.6 V, 30 cycles) with the GC disk work-
ing electrode. Vapor-phase polymerized PEDOT (VPP-PEDOT) was
prepared following the synthetic procedure described elsewhere7,8
by spin-coating (Laurell) oxidant on the GC disk for 60 seconds at
1500 rpm.
RDE measurements were taken using a conventional three-
electrode arrangement with a PEDOT-coated GC disk as the work-
ing electrode in oxygen-saturated KOH (0.1 mol dm−3, Merck, pH
13.25). The electrolyte was bubbled with oxygen (ultrahigh purity
grade, Air Liquide) for 30 minutes. A subsequent CV was taken after
bubbling with Argon (ultrahigh purity grade, BOC) for 1 hour. RRDE
measurements were taken using a similar procedure with a standard
four-electrode RRDE arrangement.
The collection efficiency (N = −Idisk/Iring)9 measured over all rota-
tion speeds varied between 0.3 and 0.4 for the GC disk both with and
without PEDOT. Measurements were taken in a solution of K3Fe(CN)6
(aq, 5 × 10−3 mol dm−3) and KCl (aq, 0.1 mol dm−3) using a previ-
ously described method.9
Raman spectroscopy was performed using a Renishaw inVia Ra-
man microscope with a 514 nm incident laser. Profilometry measure-
ments were taken using a Veeco Dektak 150 stylus profilometer.
Results and Discussion
The percentage of hydrogen peroxide generated from the PEDOT-
coated GC disk was calculated using Equation 4 and the ring and disk
current-densities (JR and JD, respectively) obtained from Figure 1.
%H2O2 = (2JR/N )/(JD + JR/N ) ∗ 100 [4]
At −0.65 V, the %H2O2 ranged from 52–61% over all rotation speeds.
An identical experiment was conducted on the bare GC disk, an
electrode material upon which the ORR is known to proceed via the
2-electron pathway.10–12 A similar %H2O2 of 53%–56% at −0.65 V
to EP-PEDOT suggests the ORR also occurs by a single 2-electron
process (Eq. 2) on electrodeposited PEDOT (EP-PEDOT).
For VPP-PEDOT, the ring current goes through a maximum at
approximately −0.45 V, with the %H2O2 ranging from 46%–49%.
However, at −0.65 V this decreases to 13–15%, and appears to be
dropping further at more negative potentials. This suggests that hydro-
gen peroxide is being further reduced in a 4-electron ‘series’ pathway
(Eqs. 2 and 3).
A Koutecky-Levich analysis was performed by varying the ro-
tation rate from 700 rpm to 2300 rpm in a RDE setup while scan-
ning the potential from +0.1 V to −0.7 V. The Koutecky-Levich
equation relating the kinetically controlled current-density, jk, and the
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Figure 1. (bottom) disk current-densities from a reverse linear sweep voltam-
mogram from +0.1 V to −0.7 V for the ORR on EP-PEDOT (black) and
VPP-PEDOT (gray); (top) corresponding ring current-densities on the Pt ring
electrode held at +0.2 V. Bare GC ring-disk current-densities are also shown
(dotted). Corrections for capacitance have been made. Experiments were per-
formed at 1500 rpm in oxygen-saturated 0.1 M KOH with film thicknesses of
3.5 +/−0.3 μm (EP-PEDOT) and 0.7 +/−0.2 μm (VPP-PEDOT).
diffusion controlled current-density, jd, to the total current-density, j,
is described as follows,9
j−1 = j−1k + j−1d [5]
where
jd = (0.62nFD2/3ν−1/6Cω1/2) [6]
Well-established values for the diffusion coefficient (DO2 = 1.9
× 10−5 cm2 s−1), kinematic viscosity (ν= 0.01 cm2 s−1), and solubility
limit (CO2 = 1.2 × 10−6 mol dm−3) of gaseous oxygen in KOH (aq,
0.1 mol dm−3) at 298 K were used,13 along with the Faraday constant
(F = 96485 C · mol−1). Koutecky-Levich plots [i−1L vs ω−1/2] were
constructed using equations described elsewhere12 and are shown in
the insets of Figure 2. It was assumed that the active area for each film
is equal to the geometric area (0.126 cm2).
From the slope of the Koutecky-Levich plot, the average number
of electrons for EP-PEDOT at −0.65 V was found to be 2.1 ± 0.1,
whereas VPP-PEDOT gave 3.7 ± 0.2. Furthermore, at −0.45 V VPP-
PEDOT gave 2.3 +/−0.1 electrons, thereby indicating that the ORR
proceeds via a 2-electron pathway at potentials down to −0.45 V, after
which the ‘series’ 4-electron process (Eqs. 2 and 3) becomes more
dominant with decreasing potential. This new result is consistent with
previous studies on VPP-PEDOT suggesting a 4-electron process.1
The absence of the further 2-electron process (Eq. 3) on EP-PEDOT
is particularly surprising given that it has been previously shown to
effectively reduce hydrogen peroxide.14
4-point conductivity measurements on VPP-PEDOT yielded
550 S cm−1, typical of VPP-PEDOT produced in this manner.8 The
residual content of iron(III) from films produced by vapor-phase poly-
merisation has been reported previously as being undetectable using
X-Ray photoelectron spectroscopy,1,15 and to have no effect on the
electrocatalytic behavior of the films.1
The Raman spectra presented in Figure 3a confirm that VPP-
PEDOT and EP-PEDOT are structurally similar, as both films are
in the conductive benzenoid state.16 A CV of both VPP-PEDOT and
EP-PEDOT is shown in Figure 3b, exhibiting similar broad anodic and
cathodic processes characteristic to PEDOT.17 The lower film capac-
ity of EP-PEDOT is likely related to morphological properties such
as porosity. It is generally well known that electrodeposited conduct-
ing polymers are far more porous than their vapor-phase polymerized
counterparts.8,18 This has been confirmed by SEM imaging. While
porosity measurements have not been performed to date, it is believed
that neither porosity or film capacity are directly related to the main
findings of the paper.
Further RRDE studies on VPP-PEDOT (not shown) in NaPTS
(0.1 mol dm−3, pH 4.7) have shown that the ORR proceeds only via
the 2-electron pathway. The effects of pH and other factors such as
the counter-ion and polymerization potential on the catalytic behavior
of PEDOT will continue to be studied using in-situ characterization
techniques such as in-situ XRD, UV-Vis, and Raman.
Conclusions
Surprisingly, it has been found that the polymerization method
used to prepare the conducting polymer PEDOT can have a significant
influence on the electro-catalytic pathway for the reduction of oxygen.
The ORR on PEDOT prepared electrochemically proceeds only via
Figure 2. Voltammograms corresponding to the ORR in oxygen-saturated 0.1 M KOH for a) EP-PEDOT (Inset - Koutecky-Levich plot for current values at
−0.65 V), and b) VPP-PEDOT (Inset - Koutecky-Levich plot for current values at −0.45 V, −0.65 V) at rotation rates varying from 700 to 2300 rpm.
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Figure 3. Film characterization of VPP and electrodeposited films showing a) Raman spectra on FTO-glass and b) cyclic voltammograms between −1 V and
+0.7 V in deaerated 0.1 M NaPTS at 20 mV · s−1.
the 2-electron pathway in alkaline media whereas on PEDOT prepared
by vapor-phase deposition it undergoes a transition from a 2-electron
process to a 4-electron ‘series’ process at potentials more negative
than −0.45 V.
Acknowledgments
Dr. Angel Torreiro and Dr. Vanessa Armel for their scientific input
into discussions. MF and BWJ gratefully acknowledge the Australian
Research Council for fellowships under the Laureate and Future Fel-
lows schemes. This work was funded in part through the ARC Center
of Excellence for Electromaterials Science (ACES).
References
1. B. Winther-Jensen, O. Winther-Jensen, M. Forsyth, and D. R. MacFarlane, Science,
321, 671 (2008).
2. J. Ma, X. Wang, and X. Jiao, International Journal of Electrochemical Science, 7,
1556 (2012).
3. Z. A. King, C. M. Shaw, S. A. Spanninga, and D. C. Martin, Polymer, 52, 1302
(2011).
4. X. Wang, P. Sjo¨berg-Eerola, J. E. Eriksson, J. Bobacka, and M. Bergelin, Synthetic
Metals, 160, 1373 (2010).
5. X. Du and Z. Wang, Electrochimica Acta, 48, 1713 (2003).
6. L. Pigani, A. Heras, ´A. Colina, R. Seeber, and J. Lo´pez-Palacios, Electrochemistry
Communications, 6, 1192 (2004).
7. B. Winther-Jensen, D. W. Breiby, and K. West, Synthetic Metals, 152, 1 (2005).
8. B. Winther-Jensen and K. West, Macromolecules, 37, 4538 (2004).
9. A. J. Bard and L. R. Faulkner, Electrochemical Methods: Fundamentals and Appli-
cations, 2nd ed., John Wiley & Sons, Inc., Hoboken, NJ, 2001.
10. R. J. Taylor and A. A. Humffray, Journal of Electroanalytical Chemistry, 64, 63
(1975).
11. V. B. Baez and D. Pletcher, Journal of Electroanalytical Chemistry, 382, 59
(1995).
12. K. Tammeveski, K. Kontturi, R. J. Nichols, R. J. Potter, and D. J. Schiffrin, Journal
of Electroanalytical Chemistry, 515, 101 (2001).
13. R. E. Davis, G. L. Horvath, and C. W. Tobias, Electrochimica Acta, 12, 287
(1967).
14. A. R. Gonalves, M. E. Ghica, and C. M. A. Brett, Electrochimica Acta, 56, 3685
(2011).
15. B. Winther-Jensen and K. West, Synthetic Metals, 148, 105 (2005).
16. M. Łapkowski and A. Pron´, Synthetic Metals, 110, 79 (2000).
17. L. H. Jimison, A. Hama, X. Strakosas, V. Armel, D. Khodagholy, E. Ismailova,
G. G. Malliaras, B. Winther-Jensen, and R. M. Owens, Journal of Materials Chem-
istry, 22, 19498 (2012).
18. X. Cui and D. C. Martin, Sensors and Actuators, B: Chemical, 89, 92 (2003).
  ecsdl.org/site/terms_use address. Redistribution subject to ECS license or copyright; see 128.184.184.38Downloaded on 2013-08-08 to IP 
